The seeds of the Ricinus communis (Castor bean) plant are the source of the economically important commodity castor oil. Castor seeds also contain the proteins ricin and R. communis agglutinin (RCA), two toxic lectins that are hazardous to human health. Radial immunodiffusion (RID) and the enzyme linked immunosorbent assay (ELISA) are two antibody-based methods commonly used to quantify ricin and RCA; however, antibodies currently used in these methods cannot distinguish between ricin and RCA due to the high sequence homology of the respective proteins. In this study, a technique combining antibody-based affinity capture with liquid chromatography and multiple reaction monitoring (MRM) mass spectrometry (MS) was used to quantify the amounts of ricin and RCA independently in extracts prepared from the seeds of 
Introduction
The seed of the castor plant (Ricininus communis L.) is the only source of the economically important castor oil. Castor oil is used in numerous manufacturing processes to produce paints, varnishes, lubricants, plastics, cosmetics and an array of other products. Importantly, castor oil is the only commercially available source of ricinoleic acid, which has several unique properties that are exploited as a starting material for many chemical processes (Dyer et al., 2008; Mutlu and Meier, 2010; Ogunniyi, 2006) . Recently, castor oil has been considered as a biofuel source, because of its solubility in short chain alcohols, which makes the transesterification step more facile (Conceição et al., 2007; Severino et al., 2012) . However, castor oil production is complicated by the high abundance of the toxic proteins ricin and RCA.
Ricin is a highly toxic protein with a mass of ~64 kDa consisting of two subunits linked by a single disulfide bond (Lappi et al., 1978; Olsnes and Pihl, 1973) . Ricin is a Type II ribosome-inactivating protein (RIP) belonging to the A-B family of toxins (dimeric) consisting of two functionally different subunits (Stirpe and Barbieri, 1986) . The A-chain has rRNA N-glycosidase activity while the B-chain is a lectin (Olsnes and Pihl, 1973) . RCA is very similar to ricin, containing an A-and B-chain coupled together by a single disulfide bridge to make a ~64 kDa monomer unit, and exists naturally as a non-covalently linked dimer, resulting in a ~120 kDa complex (Cawley et al., 1978; Hegde and Podder, 1998) . RCA shares high sequence homology with ricin, with over 93% similarity between A-chains and 84% similarly between B-chains, but is much less toxic (Roberts et al., 1985) . Ricin gains entry to the cell following the binding of the B-chain to galactose-containing surface glycoproteins and glycolipids. Once the entire toxin is inside the cell, the chains dissociate. Then, the A-chain binds to a specific site on the 28S RNA of the 60S ribosome irreversibly removing an adenine (depurination) from a position known as the sarcin/ricin tetraloop (Endo et al., 1991; Endo and Tsurugi, 1987; Olsnes et al., 1974) . This effectively prevents the binding of elongation factor 2 to the ribosome and shuts down all protein synthesis leading to cell death (Nilsson and Nygard, 1986) . Ricin is a potent toxin, where it has been reported that the mode of action is so efficient that one ricin molecule is sufficient to disable an entire cell (Halling et al., 1985) , though the median LD 50 for ricin varies by route of administration. For humans it is estimated between 5 and 10 µg/kg by inhalation of particles less than 5 µm, and 1-20 mg/kg by ingestion (Audi et al., 2005; Bradberry et al., 2003) . The toxicity of RCA has been measured to be less than that of ricin by a factor of ~50-2000, where the range in the toxicity is due to the type of assay used (Cawley et al., 1978; Lin and Liu, 1986; Saltvedt, 1976; Zhan and Zhou, 2003) . Currently there is no approved treatment available for ricin intoxication (Franz and Jaax, 1997) .
Due to the toxicity of ricin, availability, and ease in which a crude preparation of ricin can be generated from R. communis seeds, there is a concern that this toxin could be used in a terrorist event (Burrows and Renner, 1999; Rotz et al., 2002; Sobel et al., 2002) . In the United States it is legal to possess castor beans but the procurement of ≥100 mg of purified ricin is governed by the Select Agent Regulation (National Select Agent Registry, 2014 ). An aspect that has gained the attention of security agencies is the amount of crude ricin present in large scale castor oil extraction facilities. When the oil from castor beans has been extracted, a large amount of byproduct called a "mash" or "cake" remains. If inactivation of the mash is not complete or is neglected, large amounts of crude ricin (50,000 tons/year worldwide) could be available for potentially malevolent uses (Fredriksson et al., 2005; Smallshaw and Vitetta, 2012) .
There is considerable interest in knowing the amount of ricin and other proteins that are typically found in castor beans. Antibody-based methods have been used to measure amounts of ricin in different cultivars, but the antibodies used in these techniques cannot differentiate ricin from RCA and therefore report the combined quantities of both proteins (Auld et al., 2003 (Auld et al., , 2001 Baldoni et al., 2011; Garber, 2008; Pinkerton, 1997; Pinkerton et al., 1999) leading to over-estimation of ricin. A method that does not suffer from the adverse effects of the high homology between ricin and RCA uses the reverse transcriptase polymerase chain reaction. This was used to individually monitor the gene expression of ricin and RCA during R. communis seed development (Chen et al., 2005) . Methods involving mass spectrometry (MS) do not suffer from the selectivity issues that affect RID and ELISA and monitor the actual toxin itself rather than the DNA or RNA. MS can be used to detect and discriminate between ricin and RCA by exploiting the small number of amino acid sequence differences between the two proteins (Brinkworth, 2010; Fredriksson et al., 2005; Kalb and Barr, 2009; Kull et al., 2010; Ostin et al., 2007) . We have employed a method that can be used to quantify ricin and RCA individually by combining antibodybased affinity capture, tryptic digestion, and peptide analysis by liquid chromatography isotope dilution mass spectrometry (IDMS) (McGrath et al., 2011) . Using antibody-based affinity capture with tandem mass spectrometry and judiciously choosing peptides that are unique to ricin and RCA, we achieved specificity that is much higher than antibody-based methods such as RID and ELISA. In addition, MS has been used to estimate the toxicity of ricin by measuring the activity of the A-chain with a synthetic DNA mimic of the natural RNA substrate (Becher et al., 2007; Hines et al., 2004; Kalb and Barr, 2009) . For the present study, these two MS approaches were combined to better understand the range of ricin and RCA concentrations naturally present in seed extracts of 18 different R. communis cultivars, which were chosen according to seed size and geographic location. First, the quantities of ricin and RCA were measured individually in extracts from the castor bean seeds. We subsequently correlated ricin and RCA concentration data with total N-glycosidase activity, measured by LC-MS/MS detection of adenine liberated from a DNA substrate. The information captured in these analyses adds to the growing pool of R. communis biology (Chan et al., 2010; Loss-Morais et al., 2013; Nogueira et al., 2012) , the facilitation of finding and breeding castor cultivars with low or absent levels of ricin (Auld et al., 2003 (Auld et al., , 2001 Barnes et al., 2009; Khvostova, 1986; Pinkerton, 1997) , and determination of refinement/ purity of "white powder" preparations that were found in recent events such as the letters delivered to a United States Senator, a Judge, the Mayor of New York City, and the President of the United States (Geranios, 2013; Nelson, 2013; Weiner, 2013; Weisman, 2013) .
Materials and methods

Safety precautions
Exposure to ricin is hazardous to human health. Experiments using ricin were all performed in a biosafety level-2 cabinet equipped with a HEPA filter; individuals handling ricin were equipped with personal protective gear and practiced universal safety protocols.
Reagents
Ricin, RCA and biotinylated and non-biotinylated polyclonal goat anti-ricinus communis antibody were obtained from Vector Laboratories (Burlingame, CA). Bovine Serum Albumin (BSA) standard reference material (SRM 927d) was obtained from the National Institute for Standards and Technology (NIST) (Gaithersburg, MD). Trypsin Gold, Mass Spectrometry Grade was purchased from Promega Corporation (Madison, WI). RapiGest SF Surfactant was purchased from Waters Corporation (Milford, MA). Dynabeads MyOne Streptavidin T1 magnetic beads were obtained from Life Technologies (Carlsbad, CA). Native heavy-labeled peptide standards were synthesized by Midwest Biotech, Inc. (Fishers, IN) . The DNA substrate (5′-GCGCGAGAGCGC-3′) for measurement of N-glycosidase activity was synthesized by Integrated DNA Technologies (Coralville, IA). Adenine was purchased from Sigma-Aldrich (St. Louis, MO) and 13 C-labeled adenine was purchased from Moravek Biochemicals and Radiochemicals (Brea, CA). Tris (2-carboxyethyl) phosphine (TCEP) was obtained from Thermo Fisher Scientific (Rockford, IL). HPLC grade water, HPLC grade water with 0.1% formic acid, acetonitrile, acetonitrile with 0.1% formic acid and Methanol (Honeywell, Burdick and Jackson) were obtained from VWR (West Chester, PA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and were used without further purification.
Ricin and RCA native and isotopically-labeled peptides
Peptide sequences shown in Table 1 were selected from the A-and B-chains of ricin (P02879) and RCA (XP_002534220) to provide specificity and to discriminate between the respective chains. Native and 13 C, 15 N-labeled peptides received from Midwest Biotech, Inc. (Fishers, IN) were resuspended in 0.1% formic acid, aliquotted to approximately 45 pmol µL into ~800 vials, lyophilized, and stored at −80 °C until use. For accurate quantitative measurements, four randomly selected tubes from each set of peptide aliquots was subjected to amino acid analysis (AAA) using an in-house developed AAA method which was calibrated to amino acid standards obtained from NIST (Woolfitt et al., 2009 ).
Measurement of protein mass
The molecular weight of ricin and RCA was determined by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS). MALDI matrix was prepared by generating a saturated solution of Sinapinic Acid (SA) in a 70:30 acetonitrile/ddH 2 O with 0.01% TFA. The NIST BSA stock solution was diluted 1:1 with ddH 2 O. Sample preparation for the ricin consisted of mixing 3µL stock purified ricin (5 mg/mL) with 3 µL of 1:1 diluted NIST-BSA plus 6 µL saturated SA matrix solution. Sample preparation for the RCA consisted of mixing 6 µL of stock purified RCA (5 mg/mL) with 2 µL of 1:1 diluted NIST-BSA plus 8µL saturated SA matrix solution. A portion of the saturated SA was diluted 1:1 with ddH 2 O and 0.5 µL was applied to the MALDI sample plate and allowed to air dry at room temperature. The sample-SA mixture was then deposited onto the dried layer of diluted SA matrix and allowed to air dry at room temperature. Each spot was washed using 2.5 µL of 0.1 % TFA applied directly on top of the dried spot for 5 -10 s, which then was removed using a pipette. Once sample spots were dry, analysis was then performed on a 4800 + MALDI TOF/TOF Analyzer (Applied Biosystems, Carlsbad, CA) in linear mode. The NIST value for the measured molecular mass of the SRM 927d BSA reference material was 66,432 ± 7 Da and the signals from the BSA (M+1) 1+ and (M+2) 2+ charged ions were used to internally calibrate the time of flight spectra for the (M +1) 1 ion of ricin and (M+2) 2+ ion of RCA. 10 individual replicates were generated for ricin and for RCA analysis.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis
Ricin 2 µg, 1 µg, and 0.5 µg protein (loaded per individual well) were separated using onedimensional SDS-PAGE in precast Novex NuPAGE 4-12% bis-tris gels (Life Technologies, Carlsbad, CA). Broad molecular weight protein standards (10-250 kDa) were used as a size reference (Bio-Rad Laboratories, Hercules, CA). Denatured proteins were visually examined using a silver stain for mass spectrometry kit (Pierce, Rockford, IL). Furthermore to assess immunoreactivity, an unstained duplicate gel consisting of separated ricin was electroblotted using the iBlot dry blotting system (Life Technologies). The protein-immobilized PVDF blot was subsequently immunodetected with an affinity purified primary goat-anti ricinus communis antibody using the anti-goat Westernbreeze chromogenic kit (Life Technologies).
Of note, to ensure maximal immunoreactivity, the primary antibody (5 mg/mL; diluted in 1% nonfat dry milk) was incubated over night at room temperature on a rocking platform and the next day, the remaining steps in the Westernbreeze chromogenic kit protocol were completed.
Generation of a peptide-based standard calibration curve
A peptide-based standard calibration curve was created to quantify the purified ricin and RCA in the commercial stock solutions. Individual native and labeled synthetic peptides used for quantification of ricin and RCA were solubilized in 0.1% formic acid with 1 pmol/ µL human [Glu 1 ]-Fibrinopeptide B to generate a m 60 pmol/µL peptide solution. Equal volumes of the individual 60 pmol/µL solutions of the native peptides were mixed to create a 10 pmol/µL combined solution of all native standards. This procedure was repeated with the 13 C, 15 N-labeled peptides to create a 10 pmol/µL combined solution of all labeled standards. The native peptide solution was serially diluted in 0.1% formic acid with 1 pmol/ µL human [Glu 1 ]-Fibrinopeptide B to create an eleven point standard curve covering a concentration range from1 to 5000 fmol/ µL and the mixture of labeled peptides was diluted to a concentration of 50 fmol/µL to create the working stock of peptide internal standard. The internal standard solution was added to each of the native peptide levels at a ratio of 2:1 to generate the standard peptide calibration curve. Quantification of ricin was carried out using the peptide ions VGLPINQR and LTTGADVR for the A-chain and ASDPSLK for the B-chain. For quantification of RCA, only the A-chain peptide ions VGLPISQR and SHLTTGGDVR were used.
Identity and sourcing of R. communis cultivars
Seeds from 18 R. communis cultivars were obtained from J. Bradley Morris at the Plant Genetic Resources Conservation Unit, Agricultural Research Service (ARS), U.S. Department of Agriculture (USDA), in Griffin, Georgia. The choice of cultivar was based on geographic distribution and seed size (small, medium and large) (Hodge et al., 2013 ) from a total 1043 accessions in the castor germplasm collection. Propagation, harvesting and conservation of the cultivars were carried out according to Morris et al. (2011) . Briefly, propagation was carried out such that 50 plants per cultivar occupied a 6 m2 area. To prevent cross pollination the inflorescences were covered preceding fertilization. When the seeds reached maturity, castor bean plants were harvested by hand then dried at 21 °C, and 25% relative humidity, for approximately one week and then threshed. Seeds were counted, weighed, and stored at 4 °C for distribution, and for longer term storage seeds were stored at −18 °C. 
Extraction of seeds
2.8.1. Initial extraction of seeds-Crude seed extracts were prepared by modifying a method provided by E.A.E. Garber (E.A.E. Garber, CFSAN, FDA, personal communication). Briefly, 100 seeds for each cultivar were weighed, placed in a small coffee grinder, and the edges taped to minimize aerosols. After grinding to a fine particle size, the ground seed material was carefully transferred to a 50 mL conical centrifuge tube containing phosphate-buffered saline with 0.1% Tween-20 (v/ v) (PBST 0.1%). The ratio of PBST 0.1% to whole seed weight was kept constant at 2.25 mL/g of seeds. Each tube was closed, sealed with parafilm, mixed on a vortex mixer, and placed on a rocker platform for 16-19 h in the dark at 4 °C, and finally centrifuged at 3000 rpm (GSA rotor) for 4 min. After centrifugation, the cloudy brownish middle between the lower debris and upper lipid layer was transferred into cryovials at 0.25 mL aliquots and stored at −80 °C until use.
2.8.2. Reproducibility of extraction from seeds-To determine if the amounts of ricin and RCA were affected by the extraction procedure, replicate extracts were each generated from the seeds using two varieties of R. communis. The extraction procedure described in 2.8.1. was used to create five individual replicates from the gibsonii seeds and three individual replicates from the zanzibarensis seeds. Six aliquots from each replicate were processed and analyzed using IDMS to determine the variation in amounts of ricin and RCA from the extraction procedure.
Coupling of magnetic beads with antibody
Biotinylated polyclonal ricin antibody was received as a 0.5 mg lyophilized powder and was dissolved in 0.5 mL of ddH 2 O (1 mg/ mL) prior to coupling to the magnetic beads. The streptavidin-coated magnetic beads were supplied at 10 mg/mL in a solution of phosphate buffered saline (PBS), pH 7.4, with 0.01% Tween-20 (v/ v) and 0.09% (w/v) NaN 3 as preservative. The coupling of antibody to beads was prepared according to the manufacturer's directions. A150 µL aliquot of antibody stock solution was combined with 9 mL of PBS and vortex mixed, then combined with 1 mL of beads in PBS and incubated at room temperature with gentle rotation for 1 h. After incubation the beads were washed twice with PBS and the supernatant removed. The beads were re-suspended in 1 mL of PBS containing 0.05% Tween-20 (v/v) (PBST 0.05%) and stored at 4 °C until use.
Preparation of protein standard calibration curve, quality control, and seed extract samples
Ricin and RCA protein standard calibration curve, quality control, and seed extract samples were generated using the Biomek NX P Laboratory Automation Workstation (Beckman Coulter, Brea, CA) with a 96 deep-well polypropylene plate. All dilutions were carried out using PBST 0.05%. For the purpose of direct comparison, all control and unknown samples were prepared as 500 µL aliquots. The stock solutions of 4.5 mg/mL purified Vector ricin and 4.9 mg/ mL RCA were manually diluted, respectively, to obtain solutions of 11.4 ng/µL for ricin and 24.8 ng/µL for RCA. Using the diluted stock, a seven point standard calibration series was constructed for each protein using the Biomek workstation: 0.003-0.286 ng/µL for ricin and 0.006-0.624 ng/µL for RCA. Using 500 µL from each concentration point, the calibration curve had a protein quantity of 1.4-143 ng of ricin/500 µL PBST 0.05% and 3.1-312 ng of RCA/ 500 µL PBST 0.05% which was subjected to antibody capture and analysis. The quality control samples (QCs) for ricin and RCA were generated by diluting the stock ricin and RCA solutions to produce a 114 ng/500 µL PBST 0.05% high QC and a 11.4 ng/500 µL PBST 0.05% low QC for ricin and a 249 ng/500 µL PBST 0.05% high QC and a 24.9 ng/500 µL PBST 0.05% low QC for RCA. Seed extracts were manually diluted 4000 fold in PBST 0.05%, then 500 µL aliquots from each diluted sample was subjected to antibody capture and analysis.
Antibody capture of ricin and RCA
The 96 deep-well plate containing 500 µL sample aliquots was loaded into a KingFisher 96 automated magnetic particle processor (Thermo Fisher Scientific Inc., Waltham, MA). The particle processor deposited 20 µL of antibody-coated magnetic beads into each sample containing well. The samples were continuously mixed for 1 h to allow the antigens to bind to the antibodies coupled to magnetic beads. After 1 h, the magnetic beads were retrieved from each of the samples and sequentially washed with 1 mL of PBST 0.05%, 1 mL of PBST 0.01%, 0.5 mL of PBS and 200 µL of ddH 2 O. The beads were then deposited into 100 µL of ddH2O in preparation for subsequent processing.
2.12. Tryptic digestion 2.12.1. Digestion of purified ricin and RCA-The concentration of the stock purified ricin and RCA was determined using IDMS analysis of tryptic peptides from the two proteins. Three sample preparation conditions were evaluated: (a) digestion with 4 µg of trypsin, (b) digestion with 40 µg of trypsin, and (c) digestion with 40 µg of trypsin with reduction and alkylation. The concentration of reducing and alkylating agents used in condition (c) were equimolar to the molar amount of disulfide bonds present in the ricin and RCA, respectively. This was done in an effort to limit the spread of non-specific alkylation to other residues which could shift the peptide ion m/z values being monitored. The acid labile surfactant RapiGest SF was dissolved in 500 mM ammonium bicarbonate containing 1 mM CaCl 2 to generate a 0.3% solution. For each reaction, 10 µL of 0.3% RapiGest SF solution and 63 ng(1000 fmol)of ricinor 128 ng(1000 fmol)of RCA was added to several wells of two 96-well semi-skirted PCR trays (ThermoFisher Scientific, Waltham, MA). One tray was used for reduction/alkylation and the other without. The trays were sealed and mixed with an Eppendorf MixMate (Fisher Scientific, Inc. Pittsburgh, PA) vortex mixer, then placed into a Veriti 96 well thermal cycler (Applied Biosystems, Carlsbad, CA) and incubated for 15 min at 99 °C. After heating, the PCR plates were removed and allowed to cool for 2 min. For samples undergoing reduction and alkylation, 6 or 12 pmol of tris (2-carboxyethyl) phosphine (TCEP) were added to the ricin or RCA wells, respectively. The plate used for reduction/alkylation was mixed, capped and returned to the thermocycler for a 1 h incubation at 60 °C. Upon completion of incubation and cooling, 12 pmol and 24 pmol of iodoacetamide were added to the ricin or RCA samples, respectively, and the samples were allowed to incubate for 30 min at room temperature in the dark. Two microliters of 2 µg/µL or 20 µg/µL trypsin was added to each of the wells in appropriate plate. The plates were mixed on a vortex mixer and incubated for 1 h at 37 °C then cooled for 2 min, centrifuged, and 3 µL of 2 M HCl was added to degrade the Rapigest SF. The plates were again mixed and returned to the thermocycler where the samples were incubated for 1 h at 37 °C. After this incubation period, and before LC-MS/MS analysis, 4 µL of a solution of 50 fmol/µL heavy labeled internal standard was added to each sample.
Digestion of antibody-captured ricin and RCA-Following incubation of
antibody-coupled magnetic beads with sample solutions, the Kingfisher 96-well magnetic PCR head (ThermoFisher Scientific, Waltham, MA), was used to manually transfer the beads to a 96-well semi-skirted PCR tray containing 10 µL of 0.3% RapiGest SF solution per well. The plate was sealed and vortex mixed, then placed into the thermocycler and incubated for 15 min at 99 °C. Following this step, all subsequent steps were identical to the tryptic digest procedure in Section 2.12.1 for digestion of the purified ricin plus the additional step where the magnetic beads were removed prior to sample analysis.
Liquid chromatography/mass spectrometry
Liquid chromatography and mass spectrometry (LC-MS) data were acquired using an Acquity UPLC system (Waters Corporation, Milford, MA) coupled to a Vantage triple quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA) using a 1 mm × 50 mm HSS T3 reverse phase column (Waters Corporation, Milford, MA). The reversed phase gradient solvents consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile). The gradient program initially started at an organic composition of 1% solution B. Between time zero and 3 min the gradient was ramped to 25% solution B, at 3.1 min ramped to 90% solution B and held at 90% solution B to 4.1 min. Between 4.1 min and 4.75 min the gradient was dropped back to 1% solution B and held until 6 min had elapsed. The flow rate used was variable: from 0 to 3.5 min, the flow rate was 200 µL/min, then it was increased to 300 µL/min from 3.5 to 4.75 min, and reduced to 200 µL/min for the remainder of the run. The UPLC system was equipped with a 20 µL loop and 9.5 µL of each sample was injected per analysis. The instrument was programed to acquire data in MRM mode for positive ions, where the transitions for each peptide are shown in Table 1 . Instrument parameters consisted of a spray voltage of 3400 V, vaporizer temperature of 350 °C, a sheath gas pressure of 193 kPa (28 psi), an ion sweep gas pressure of 68.9 kPa (10 psi), an auxiliary gas pressure of 138 kPa (20 psi), and a capillary temperature of 320 °C. Collision energies and S-lens values were optimized for each native peptide by infusion of diluted peptide stock solutions. Xcalibur 2.2 software (Thermo Fisher Scientific, Waltham, MA) was used for instrument control and to process the data files.
Preparation of samples for quantification of enzyme activity
Once the concentration of ricin in the stock solutions had been determined for each cultivar extract, an aliquot from each was diluted to 5.7 ng/µL of ricin, and 40 ng of material from each diluted cultivar extract was subjected to the adenine release assay. Normalization of the quantity of ricin ensured that any differences measured in N-glycosidase activity would not be due to variations in quantity of ricin protein. Ricin protein calibration curves and QC samples were generated identically to the procedure described in Section 2.10 "Preparation of protein standard calibration curve, quality control, and seed extract samples." However, for quantification of enzyme activity, the top point of the standard curve extended to 286 ng rather than 143 ng in 500 µL.
Adenine release activity assay
Ricin and RCA were captured on magnetic beads in the same manner as described above. The bound proteins were incubated with a DNA oligonucleotide substrate (5′-GCGCGAGAGCGC-3′) that mimics the natural ribosomal RNA target and contains the -GAGA-tetraloop structure. The N-glycosidase activity of ricin releases an adenine molecule, which can be monitored by LC-MS/MS. The magnetic beads were manually transferred from the ddH 2 O using a Kingfisher 96 well magnetic PCR head to a semi-skirted PCR tray where each of the wells contained 25 µL of activity buffer. The activity buffer consisted of 10 mM ammonium citrate and 1 mM ethylenediaminetetraacetic acid, pH 4.0, and contained 100 mM of DNA substrate. The plate was vortex mixed, placed into the thermocycler, and incubated for 4 h at 37 °C. After incubation, 5 µL of 7.5 pmol/ µL 13 C-labeled adenine and 20 µL of 0.08% formic acid/0.1% acetic acid/0.08% ammonium hydroxide in ddH 2 O was added to each well. The plate was vortex mixed, the antibody-coated magnetic beads were removed using the Kingfisher 96 PCR magnet head, and the tray containing the sample supernatants was placed into the autosampler of the Acquity UPLC system. An in-line filter was used to help protect the column from any stray magnetic beads that may not have been removed from the sample wells.
Quantification of N-glycosidase activity by LC-MS/MS
The method used for measurement of N-glycosidase activity follows that of the method developed by Becher et al., (2007) with additional modifications. An Acquity UPLC with a 2.1 × 10 cm Ascentis Express C18 HPLC column (Sigma-Aldrich, St. Louis, MO) was coupled to an ABI 4000 Q-Trap mass spectrometer (Applied Biosystems, Carlsbad, CA). Solvent A consisted of 0.08% formic acid/ 0.1% acetic acid/0.08% ammonium hydroxide in ddH 2 O and solvent B consisted of 0.08% formic acid/0.1% acetic acid/0.08% ammonium hydroxide in methanol. The gradient duration was 7 min at a flow rate of 100 µL/min. Solvent B started at 5% and increased to 15% at 4 min, then increased to 75% at 4.5 min, and was held at 75% for 30 s before returning to 5% for the remaining time. The sample injection volume was set at 10 µL. Instrumental parameters for the mass spectrometer were as follows: the nitrogen curtain gas was set at 35 units at high collision gas flow; heated nebulizer flow was 45 units; and the nebulizing gas temperature was set at 500 °C. The ionization voltage was set at −4.5 kV and unit resolution was specified for quadrupole one and quadrupole three. The ABI 4000 Q-trap was programed to run in MRM mode to monitor the precursor/product transitions for adenine and the 13 C-labeled adenine. The precursor/product transitions for adenine monitored were m/z 136 to 119, m/z 136 to 92 and m/z 136 to 65. The 13 C-labeled adenine transitions monitored were m/z 141 to 124, m/z 141 to 96 and m/z 141 to 68. For quantification, the most abundant fragment ions of 119 (adenine) and 124 ( 13 C-labeled adenine) were selected, which was the loss of ammonia (Nelson and McCloskey, 1992) . Data acquisition and processing were performed with the ABI Analyst 1.5.2 software.
Results and discussion
3.1. Characterization of purified standards 3.1.1. Measurement of molecular weight of purified material-Purified ricin and RCA were used to generate protein standard calibration curves and quality controls (QCs). The use of a protein standard curve improves accuracy because all of the samples undergo the same processing which normalizes the effect of buffer, antibody capture conditions and digestion. A natural source of purified ricin and RCA are required to create these standard calibration curves. It is known that ricin can exist as different isoforms depending on glycosylation (Despeyroux et al., 2000; Duriez et al., 2008; Griffiths et al., 1995; Hegde and Podder, 1992; Helmy and Pieroni, 2000; Mise et al., 1977; Sehgal et al., 2011) and perhaps on the cultivar from which the ricin and RCA were obtained; therefore, it is necessary to characterize the purified material to determine the measured molecular weights and the actual concentrations of the ricin and RCA. The molecular weight of the protein as determined from the database sequence of ricin and RCA would not take into account any glycosylation of the two proteins. Further, the cultivar used to extract the purified ricin and RCA for this study was not known by the manufacturer, Vector Laboratories. To determine the measured molecular weights of the two proteins, the purified ricin and RCA were analyzed by linear mode MALDI-TOF MS. To improve measurement accuracy, NIST BSA was added to the samples so that internal calibration could be performed. MALDI matrix spot application followed the procedure of Onnerfjord et al. (1999) to remove salts and improve resolution. However, the resolution was not high enough to determine if any isoforms existed. The measured molecular weight of the purified ricin was determined to be 62,912 ± 29 Da and the measured molecular weight of the purified RCA was determined to be 127,553 ± 46 Da. (data not shown).
Determination of concentration of purified ricin and RCA-Determination
of the concentration of the purified ricin and RCA was accomplished by digesting the two proteins with trypsin without antibody capture using the three digest conditions. According to the manufacturer's information, the expected concentration of both the purified stock ricin and RCA solutions were each 5 mg/mL. Three peptides were chosen to uniquely quantify ricin: two peptides from the ricin A-chain, VGLPINQR and LTTGADVR, and one from the ricin B-chain, ASDPSLK. Two peptides were monitored for RCA, both from the A-chain, VGLPISQR and SHLTTGGDVR. Fig. 1 shows the measured concentration of the purified ricin and RCA under the tryptic digestion conditions of 4 µg, 40 µg and 40 µg with reduction/alkylation. These values were calculated from the peptide standard curve using the mean values for the two quantification peptides of the ricin A-chain, the single quantification peptide for the ricin B-chain and the two quantification peptides for RCA. Based on this information the overall measured concentration was determined to be 4.5 ± 0.6 mg/mL for ricin and 4.9 ± 0.4 mg/mL for RCA in the purchased protein stock solutions. The concentration values for ricin and RCA were used to generate the protein based standard calibration curves and the QCs in subsequent experiments. The results shown in Fig. 1 indicate that the use of 10x increase in trypsin quantity and reduction/alkylation did not provide any improvement in the digestion of the proteins. All three conditions produced almost identical amounts of the two proteins, indicating that maximum digestion had been reached with 4 mg trypsin and without reduction/alkylation. Because ricin and RCA were quantified individually in each sample using the protein-specific peptides, we could observe the presence of RCA in the ricin-purified sample and ricin in the RCA-purified sample. The ricin standard had a contamination level of 0.2 mg/mL of RCA, representing 4% of the total amount of material; the RCA standard had more significant contamination mainly due to ricin A-chain at a level of 2.3 mg/mL comprising 32% of the overall material but the ricin Bchain was only present at a level of 0.4 mg/mL comprising 7% of the total material.
Quantification of ricin and RCA in R. communis cultivar extracts
Once the concentration of the purified ricin and RCA standards were determined, the extracts from the 18 cultivars and the three negative controls were analyzed for ricin and RCA content. Fig. 2 shows the levels of ricin and RCA in mg/g of seed for each of the R. communis cultivars studied, measured using the mean of the two A-chain peptides for ricin and RCA. The mean amount of ricin in mg/g seed weight was 9.3 with a minimum of 5.7 mg/g and maximum of 20.5 mg/g. The mean amount of RCA in mg/g seed weight was 9.9 with a minimum of 6.3 mg/g and maximum of 20.5 mg/g. Signals for ricin and RCA were below the limit of detection of 1.0 ng/mL in the three control materials (near neighbors and non-family). The cultivars with highest levels of ricin and RCA were Mexico cv.: PI165446 and US Florida cv.: PI265508; the lowest levels of ricin and RCA were found in US Virgin Islands cv.: PI209326. Based on weight, the average ratio of ricin to RCA was 0.9 where the largest difference in protein quantity was a ricin-to-RCA ratio of 0.8 for Iran cv.: PI222265 and 1.2 for Syria cv.: PI181916. This data correlates well with observations of Harley et al., where the authors reported a 1:1 correlation between gram ricin/gram RCA throughout all stages of seed development (Harley and Beevers, 1986) . These values are based on intact seed weights where the shell and oil have not been removed.
Differences in ricin amount as calculated from the A-chain and the B-chain
The B-chain peptide from ricin was not included in the calculation of ricin content because in most of the cultivars the mean B-chain value did not agree with the measured mean of the A-chain. Because ricin is composed of one A-chain and one B-chain connected by a disulfide bond, there should be a 1:1 correlation between the amounts of ricin calculated using the A-chain and the B-chain peptides. However, we observed that the quantity of ricin determined using the B-chain peptide was lower than that calculated from the A-chain peptides with the exception of cultivars Brazil cv.: PI202711 and Cuba cv.: PI208839 which had the same levels and US Virgin Islands cv.: PI209326 which had a greater level of Bchain relative to A-chain (Fig. 3) . This difference between A-chain and B-chain was not observed with the purified ricin control (Fig. 3 (900 fmol_Ricin, 90 fmol_Ricin) ). It is possible that cultivars with a ratio of B-chain/A-chain < 1 have a different B-chain sequence than the Vector ricin reference sequence, specifically, the part of the B-chain sequence containing the quantitation peptide ASDPSLK. It is known that there is genetic recombination between RCA and ricin genes (Ladin et al., 1987) . This may result in the replacement of the ASDPSLK peptide from the B-chain of ricin with another sequence derived from RCA, which has been designated as ricin E (Araki and Funatsu, 1987; Mise et al., 1977) . This form of ricin has been reported in some but not all "small seed" varieties where small seed cultivars are defined based on the weight of 100 seeds less than 20 g (B.
Morris, ARS, USDA, personal communication). Within the set of cultivars we tested, there were four (Cuba cv.: PI208839, Puerto Rico cv.: PI209132, Syria cv.: PI181916, US Virgin Islands cv.: PI209326) whose seeds would be considered "small seeds." However, there was no correlation between reduced levels of B-chain and seed size of the cultivars we examined in this study. In order to determine the contribution of ricin E, the two additional peptides of ricin DNTIR (T B 31) and SNTDANQLWTLK (T B 29), which are closer to the N-terminus of the B-chain, could be monitored and would be detected in a digest of either ricin E or ricin. If both ricin and ricin E were present, using the (T B 31) or (T B 29) peptides should provide the same calculated amount of ricin as the A-chain peptides. One caveat to this approach would be that a purified source of ricin E would be required to generate a protein standard calibration curve.
Alternatively, other expressed genes from the ricin/RCA family may contribute to the unequal ratio of A-to B-chain levels. Ricin and RCA originate from a multi-gene family (Cawley et al., 1978; Chan et al., 2010; Halling et al., 1985; Leshin et al., 2010; Tregear and Roberts, 1992) , where 18 RIP-encoding genes have been identified in the R. communis genome. Of these genes, two designated as Rco_II3 (XP_002532191.1) and Rco_II4 (XP_002532193.1) have truncated B-chain domains where the B-chain peptide ASDPSLK is not present. Rco_II3 only contains the LTTGADVR A-chain peptide and Rco_II4 only contains the VGLPISQR A-chain peptide (Loss-Morais et al., 2013) . Expression of Rco_II3 and Rco_II4 in mature seeds may affect the ratio of levels between the A-and B-chains as determined by the peptides used in this mass spectrometric approach. Experiments are underway to further determine why the quantities of the two ricin chains are different and what could be the source of the disparity.
Reproducibility of extraction from R. communis seeds
It is possible that R. communis grown in different conditions such as humid or dry climates may have an effect on the amount of ricin and RCA present in the seed and may contribute to variations inter-and intra-cultivar. To minimize the effects of environmental induced variation among the cultivars, R. communis seeds used in this study were obtained from the Plant Genetics Resources Conservation Unit at the ARS USDA. The seeds from each cultivar used in this study were propagated such that they would be exposed to identical growth, harvesting and storage conditions along with measures to prevent cross pollination. Therefore, the contributions from environment, harvesting and storage should have minimal impact on the levels of ricin and RCA across the cultivars. However, a source of variability that may have a measurable impact on the levels of ricin and RCA amounts could be due to the extraction procedure. To assess extraction reproducibility R. communis seeds were subjected to replicate extractions. Fig. 4 shows the amounts of ricin and RCA determined by IDMS per replicate extractions from the gibsonii and zanzibarensis seeds. For the gibsonii seeds the mean amount of ricin for the replicates was 9.0 mg/g seed with a relative standard deviation (RSD) of 9.0% and the mean amount of RCA was 7.8 mg/g seed with an RSD of 12.9%. For the zanzibarensis seeds the mean amount of ricin was 8.4 mg/g seed with an RSD of 3.8% and the mean amount of RCA was 11.0 mg/g seed with an RSD of 3.1%. Fig.  5 shows the amounts of ricin A-and B-chain per replicate for the two varieties of R. communis seeds. The mean for the gibsonii extracts for the A-chain of ricin was 400 fmol with an RSD of 9.0% and the mean B-chain amount was 281 fmol with an RSD of 11.1%. For the zanzibarensis replicate extracts the mean for the A-chain of ricin was 370 fmol with an RSD of 3.8% and the mean for the B-chain of ricin was 502 fmol with an RSD of 2.6%. The extracts from the gibsonii seeds had more variability in the amounts of ricin, RCA, ricin A-and B-chain than that of the zanzibarensis seed extracts. It is not known why there was increased variability for the gibsonii preparations versus the zanzibarensis extracts since each replicate of seeds underwent identical processing. It is interesting to note that from the entire set of seed extracts used in this study the zanzibarensis seeds had a much larger amount of RCA than ricin and a much larger amount of the B-chain of ricin versus the Achain.
Comparison of enzymatic activity in R. communis cultivars
Recent studies have suggested that there is low genetic diversity in the overall genome among R. communis cultivars (Allan et al., 2008; Foster et al., 2010; Rivarola et al., 2011) .
However, there is diversity among the genes in the ricin/RCA family, but it is not known if this diversity is present across cultivars and whether it would result in varying amount of Nglycosidase function (Halling et al., 1985) . Several methods have been developed to detect and quantify the products of the ricin/RCA rRNA N-glycosidase reaction, ranging from colorimetric assays to mass spectrometry (Barbieri et al., 1997; Heisler et al., 2002; Hines et al., 2004; Kalb and Barr, 2009; Keener et al., 2008; Sturm and Schramm, 2009; Zamboni et al., 1989) . Our activity assay is based on that of Becher et al., which measures adenine release from a DNA substrate with LC-MS/ MS detection, and incorporates the quantitation of adenine released by the action of the N-glycosidase (Becher et al., 2007) . Ricin and RCA have N-glycosidase activity; however, the level of activity for RCA has been determined to be less than that of ricin (Cawley et al., 1978; Lin and Liu, 1986; Saltvedt, 1976; Zhan and Zhou, 2003) .
While the ricin and RCA protein quantitation can be independently traced back to peptide calibration standards, the activity-based quantitation is calibrated relative to the activity of the purified ricin protein standard, which itself contains a measurable amount of RCA. By measuring moles of ricin and RCA content of each cultivar independently by IDMS and measuring its N-glycosidase activity/moles of ricin relative to the ricin calibration standard, we were able to examine if there were any differences in overall activity/mole ricin between cultivars. In analysis of the data, we normalized the activity of each cultivar by dividing the measured activity of the cultivar by the measured activity of the ricin reference standard wherein this result was expressed as a percent. Fig. 6 shows a plot of the normalized overall N-glycosidase activity of each cultivar. The range of activity was 98-134% (average 118%) of the activity of the reference ricin material, with most seed extracts exhibiting a higher degree of enzymatic activity than the reference. The range of activity is wider than the error for the activity method, which is 1.2-6.7%. A number of explanations could be responsible for the bias towards higher levels of activity relative to the ricin reference. The bias could be due to the contribution of RCA and/or may also reflect the diminished activity of the purified ricin standard, which could be attributed to the multiple steps needed to obtain highly purified ricin from a castor bean extract. It is also possible that the ricin reference may have had impurities present which could suppress activity or have been degraded which in-turn could lead to less active material. With respect to the contribution of RCA to overall N-glycosidase activity, the quantitation of activity among the cultivars is based solely on the enzymatic activity/mole of the ricin reference material. This does not take into account any contribution of enzymatic activity from RCA which is estimated to be approximately 10% of ricin (Cawley et al., 1978) . It was not possible to effectively assess the contribution of RCA because the RCA reference standard contained a substantial amount of ricin. If a pure standard of RCA was available the activity contributions of ricin and RCA could be estimated in the extracts of the cultivars. As such, the study was limited to use of ricin only to measure the overall N-glycosidase activity in the cultivars. To determine if enzymatic activity was impacted by the presence of impurities or if the ricin reference standard had degraded, a one dimensional SDS-PAGE gel was loaded with 0.5, 1 and 2 µg of the Vector ricin material and was silver stained to visualize the contents separated material. Fig. 7a shows the silver stained gel where several bands are visible between 25 and 37 kDa. These bands are expected to be the individual chains of ricin and possibly the individual chains of an isoform of ricin. No other bands were visible in each of the lanes which would preclude the presence of impurities unless impurities were co-migrating with the ricin bands. Subsequently, a Western blot was performed (Fig. 7b) to determine if any ricin degradation products were present. The results show a series of bands which were immuno-reactive to the antibody between 25 and 37 kDa which would correspond to the individual chains of ricin. Another series of bands between 50 and 75 kDa would likely represent un-denatured ricin while a third set of bands were observed between 10 and 20 kDa which suggest the products of degraded ricin. The presence of these lower bands which reacted to the antibody may indicate that the ricin reference material could have somewhat reduced enzymatic activity. Quantification of amount by IDMS would measure the total amount of ricin present in the standard material but it cannot differentiate between active and degraded ricin. This may be an additional reason why there is a bias towards higher N-glycosidase activity of the cultivar extracts versus the ricin reference. Among the cultivars, there are some differences in activity levels which could be due to differing glycosylation (Sehgal et al., 2011) , sequence differences in ricin and RCA, or other components in the seed extracts that enhance the N-glycosidase activity. In general the overall N-glycosidase activity is relatively uniform and there were no large differences recorded. If this set of cultivars is representative of average N-glycosidase activity, it may be expected that all R. communis cultivars would show this degree of activity; however, a larger pool of cultivars should be evaluated for verification of this trend. This information could be important to law enforcement and industries that process castor beans in that they would not encounter a ricin preparation or a cultivar that would have an extraordinarily high level of activity.
Conclusion
We have applied a method for quantification of ricin and RCA in seed extracts of 18 R. communis cultivars and compared their overall N-glycosidase activity. This method builds upon previous work where the approach consists of two levels of selectivity: antibody capture of ricin and RCA to extract both proteins, and MRM-MS to quantify peptides derived from ricin and RCA or estimate the proteins' N-glycosidase activity. In the described method, both A-and B-chains of ricin and RCA can be easily distinguished by performing a tryptic digestion and choosing unique peptides to monitor by MRM-MS. Quantification is enabled by the use of heavy isotope-labeled versions of the peptides as internal standards, and accuracy of quantification is improved by using a protein calibration standard curve. The empirically-determined concentration values for ricin and RCA were further used in protein calibration curves to more accurately determine the quantities of both proteins in cultivar samples.
Analysis of the cultivars confirmed that ricin and RCA were present in nearly equal amounts, approximately 10 mg/g seed, for all seeds studied. The quantity of ricin and RCA differed among the cultivars examined; the Mexican and US Florida cultivars contained almost twice as much ricin and RCA (20.5 and 16.4 mg ricin/g seed, 20.5 and 17.6 mg RCA/g seed respectively) as other cultivars while the US Virgin Island and the Cuba cultivars had the least amount of both proteins (5.7 and 6.1 mg ricin/g seed, 6.3 and 7.3 mg RCA/g seed respectively). Because this method monitors peptides from both the A-and Bchains of ricin, both chains could be quantified independently and compared to each other. The overall trend among the cultivars showed that there was a 21% lower amount of B-chain relative to the A-chain. Possible explanations could be the presence of a hybrid form of ricin known as ricin E and/or the contribution of additional gene products from the ricin/RCA gene family, which could affect the ricin A-/B-chain ratio. Further exploration among the cultivars may be able to determine why the variation exists.
Upon quantification of the amount of ricin and RCA in the cultivars, differences in overall N-glycosidase activity were assessed. This was facilitated by antibody capture of ricin/RCA and exposure to a synthetic DNA substrate that mimicked the natural target of ricin. The released adenine was monitored by MRM MS and included a heavy-isotope-labeled version of adenine as an internal standard. As in the quantification of ricin and RCA, a protein calibration curve using ricin was used to improve the accuracy of the activity assay by correcting for the matrix and the efficiency of capture by the antibody. Quantification of Nglycosidase activity revealed that, on average, the cultivars had 18% higher specific activity than that of the ricin standard. The explanation for the increased N-glycosidase activity of the cultivars could be as simple as the ricin standard used to generate the protein calibration curve may have reduced activity due to purification and storage conditions or there may be other factors involved. We are currently investigating the reasons for the differences in Nglycosidase activity.
An area of research that could benefit from this method would be the search for R. communis cultivars with low or absent levels of ricin. Currently, work in this area has involved the use of ELISA or RID to quantify ricin in different cultivars. Rather than use antibody-based quantification, which cannot distinguish ricin from RCA, the IDMS method would provide accurate values for the quantification of ricin and RCA separately and not as a combined estimate. Accurate information would enable researchers to better screen cultivars for low levels of ricin and to evaluate the success of cross breeding in hopes of further reducing ricin content.
One of the most important applications from a security standpoint is the accurate quantification of ricin in "white powder" preparations. Recent events have demonstrated that ricin has been, and continues to be, used as a threat agent; juxtaposed with the reality that castor seeds are an industrially important source of castor oil and castor plants are common ornamentals. Powdered preparations are of the most concern as these can range from simply crushed castor beans, a crude preparation based on recipes found from the Internet, or a highly purified powder with concentrated amounts of ricin. The more information that can be provided with respect to accurate analysis of these powders will help public health and law enforcement to make informed decisions. Measurement of purified ricin and RCA standard concentrations by isotope dilution mass spectrometry. Three different tryptic digestion conditions using 4 µg, 40 µg and 40 µg with reduction and alkylation were used to digest ricin and RCA. Quantity of protein was determined using a peptide based standard calibration curve. The ricin A-chain peptides are denoted in dark gray, ricin B-chain peptide is medium gray and the RCA A-chain peptides are denoted in light gray. Error bars show one standard deviation from the mean for three replicates. Schieltz et al. Page 21 Toxicon. Author manuscript; available in PMC 2017 February 11.
Fig. 2.
Measurement of the quantity of ricin and RCA in individual cultivars in mg/g of seed as determined by isotope dilution mass spectrometry. Dark gray denotes quantity of ricin calculated from the mean of the A-chain peptides VGLPINQR and LTTGADVR, light gray denotes quantity of RCA calculated from the mean of the A-chain peptides VGLPISQR and SHLTTGGDVR. The y-axis is the quantity of ricin or RCA in mg/g seed. Asterisk denotes small seed cultivars. Each value represents the mean of three replicates; error bars show one standard deviation from the mean. Quantification of overall N-glycosidase activity for each cultivar seed extract using the adenine release assay. The N-glycosidase activity for each cultivar is reported as a percent relative to the purified ricin reference standard (Ricin_reference =100%). PBST_05 is the negative, ricin-free control. Each value represents the mean of three replicate analyses and error bars show one standard deviation from the mean. Table 1 Peptide sequences used for ricin and RCA quantification and detection. Peptide sequences are listed with corresponding isotopically heavy 13 C, 15 Nlabeled peptide standards with the labeled residues denoted with an (*). The monoisotopic precursor m/z are listed with the product ion transitions. Product ion transitions in bold were used for quantification while the others are used for confirmation. Toxicon. Author manuscript; available in PMC 2017 February 11.
